INTRODUCTION
Dimethylsulfoniopropionate (DMSP) is an organic sulfur compound present in many marine micro-and macroalgae (Keller et al. 1989 , Blunden et al. 1992 , Yoch 2002 ). DMSP is the major biochemical precursor of the volatile sulfur species, dimethylsulfide (DMS), which is one of the major biogenic sources of sulfur of the atmosphere (Bates et al. 1992) . Charlson et al. (1987) hypothesized that emission of DMS to the atmosphere represents a climate-regulating mechanism. Therefore it is important to identify the sources of DMS and the factors that regulate its emission. The production of DMSP is one of the major processes that determine the potential amount of DMS that can be emitted to the atmosphere, and therefore the distribution of DMSP in marine habitats is of interest.
ABSTRACT: Dimethylsulfoniopropionate (DMSP) and algal pigments were measured monthly over 1 yr (May 1997 to June 1998 in intertidal sediments at 2 sampling sites along the Wester-and Oosterschelde (Netherlands). Temperature, salinity and dissolved inorganic nitrogen (DIN) were measured in the pore water and qualitative microscopic observations were made on the microphytobenthos present in the sediment. Both DMSP and pigment content correlated positively with temperature and salinity. However, the chlorophyll a-or fucoxanthin-specific DMSP contents were not affected by temperature, salinity or DIN. Simultaneous peaks of DMSP and chlorophyll a and fucoxanthin were observed in spring and in summer, and at 1 station also in winter. These peaks coincided with increases in epipelic diatoms. The DMSP content correlated with chlorophyll a and fucoxanthin and this relationship improved by excluding samples with a low ratio of fucoxanthin to chlorophyll a (chl a) indicative of a low amount of diatoms relative to other microalgae. The sediment molar ratio of DMSP:chl a was 9.2 ± 5.6 and 5.1 ± 3.6 for the Wester-and Oosterschelde, respectively, values similar to the cellular ratio in cultured diatoms. These results suggest that diatoms were the most important source of DMSP in the sediment. In summer, cyanobacteria and green algae were also present. While cyanobacteria did not contribute to the DMSP content, the data suggest that the amount of DMSP produced by other algae (probably Euglenophytes) produced similar to that produced by diatoms. Hence, microphytobenthos biomass and community composition were the main factors determining the DMSP content in the intertidal sediments of the Schelde estuary.
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In marine pelagic systems, a correlation has been found between chlorophyll a and DMSP (Gröne 1995 , Townsend & Keller 1996 , which is in agreement with the algal origin of this compatible solute. However, the correlation between algal biomass and DMSP is sometimes obscured by different levels of production (e.g. intracellular concentration) by different groups or species of algae, or environmental factors influencing the specific DMSP content of algae, such as salinity or nitrogen availability (Turner et al. 1988 , Iverson et al. 1989 , Townsend & Keller 1996 . DMSP has been suggested to serve as cryo-or osmoprotectant, because its content in marine micro-and macroalgae increases with decreasing temperature or increasing salinity (Sheets & Rhodes 1996 , Yoch 2002 , van Bergeijk et al. 2003 , Kasamatsu et al. 2004 . Furthermore, it has been hypothesized that nitrogen limitation might stimulate DMSP production, because it could replace nitrogencontaining osmolytes, such as glycine betaine or proline (Turner et al. 1988) . Evidence for this mechanism has subsequently been provided by some studies (Gröne & Kirst 1992 , Keller et al. 1999 ), although Keller et al. (2004) concluded that the responses to N supply were more likely attributable to species composition. Sunda et al. (2002) proposed an antioxidant function for DMSP and DMS in marine algae that could protect them from oxidative stress.
Although the surface area of coastal intertidal sediments is small compared to that of the oceans, they are characterized by the occurrence of dense communities of microalgae and often high amounts of DMSP. Therefore, they represent environments with potential high emissions of DMS. It has been shown that in intertidal sediments the vertical distribution of chlorophyll a and DMSP in the sediment is similar (Visscher et al. 1994 , van Bergeijk & Stal 1996 , Jonkers et al. 1998 , but the correlation between algal pigments and DMSP has not been studied in detail in benthic ecosystems. Microphytobenthos growing in the top layer of intertidal sediment generally consists of diatoms, cyanobacteria, euglenophytes and, occasionally, chlorophytes. DMSP production has been demonstrated in several benthic diatoms (Jonkers et al. 1998) , and they are most likely responsible for the bulk of DMSP production in intertidal sediments. Reports on the production of DMSP by marine cyanobacteria are contradictory (Visscher & van Gemerden 1991 , Jonkers et al. 1998 . Sunda et al. (2005) showed that pelagic cyanobacteria did not contribute to particulate DMSP. However, it is unclear whether cyanobacteria contribute to the production of DMSP in marine sediments.
In this study, the seasonal variation of DMSP in intertidal sediments was investigated in relation to the microphytobenthic biomass. We studied whether the presence of different groups of oxygenic phototrophic microorganisms affected the DMSP content in 2 estuaries with different sediment characteristics, salinity and nutrient regimes. Furthermore, we evaluated the effects of temperature, salinity, and pore-water nitrogen concentrations on the DMSP and pigment content of the sediments.
MATERIALS AND METHODS
Study area. Fig. 1 shows the Schelde estuary (SW Netherlands). The Westerschelde is a macrotidal estuary with a fairly stable and gradual salinity gradient, comprising meso-, poly-and euhaline zones (salinities from ~5 to 33). Because the River Schelde is a 'rain river' that depends on precipitation, freshwater discharge from the River Schelde is subject to seasonal fluctuation. The River Schelde runs through an urbanized and industrialized area of Belgium, and is polluted by discharges of untreated wastes and toxic substances. Therefore, the estuary receives a high load of nutrients and organic material. The Oosterschelde is a mesotidal, euhaline estuary. Freshwater discharge in the Oosterschelde is low. Salinity is around 30 and remains fairly constant from the inner estuary to the (Fig. 1) . The sediments were composed of sandy mud and were inundated at every high tide. Sampling was done when low tide occurred during the middle of the day. We took 10 random samples from a permanent quadrat of 4 m 2 , using stainless-steel cores (∅ 24 mm). For the determination of total DMS(P) and algal pigments, the top 2.5 mm of the sediment was sliced off the cores using a 2.5 mm-high Perspex ring (∅ 24 mm). The top 2.5 mm was sampled because this contained virtually all microalgal biomass; thinner slices of sediment led to large variations in biomass due to vertical migration of the benthic diatoms. Preliminary measurements showed that the concentrations of dissolved DMS and DMSP in sediment pore water were below or just around the detection limit (see next subsection), and were negligible compared to the sediment-bound DMSP content (van Bergeijk et al. 2002) . Therefore, we measured the total amounts of DMS and DMSP in the sediment. At each sampling point, sedimentsurface temperature was measured. Salinity was measured in the overlying seawater sampled at or very close to the sampling site, after filtering it through a GF/F glass-fiber filter (Whatman). Dissolved inorganic nitrogen (DIN) was measured in pore water collected using Rhizon soil moisture samplers (SMS) (Eijkelkamp Agrisearch Equipment, length 50 mm, diameter 2 mm). The samplers were inserted just below the sediment surface and 3 samples were pooled and stored at -20°C until analysis. The volume of 3 pooled pore-water samples ranged between 3 and 10 ml.
All sediment samples were processed in the field, immediately after sampling. The 2.5 mm slices were cut in half with a small spatula. One half was put in a glass culture tube, covered with Parafilm, and stored on ice in the dark. The tubes were immediately transferred to a freezer (-80°C) upon return to the laboratory (within ~1 h) and stored until the samples were analyzed for pigments. The other half-slice was put in a 6 ml glass vial (Chrompack), after which 2.4 ml filtered seawater and 1 ml 8 M NaOH were added. After the addition of NaOH, the vials were immediately closed with gas-tight, Teflon-coated, butyl rubber septa and aluminum crimp-seal caps. The vials were stored at room temperature in the dark and the samples were analyzed for total DMS(P) within 1 wk of sampling (see next subsection).
Surface scrapings of the sediment, fixed with Lugol's fixative, were oxidized with hydrogen peroxide (30% H 2 O 2 ). The oxidized samples, consisting of the silica valves of the diatom frustules, were mounted in Naphrax (a resin of high refractive index) onto glass slides (Battarbee 1986 ) and subsequently qualitatively analyzed by microscopy. Microscopic observations were made for each sampling time-point.
Analyses. Pigments were extracted from freezedried sediment samples with 96% methanol containing 4% ammonium acetate (Zapata & Garrido 1991) . Prior to extraction, the freeze-dried sediment was ground with a bullet grinder for 1 min at maximum amplitude (ISO 9001 Retch). Half a sediment slice (0.565 cm 3 ) was extracted with 2.5 ml solvent. The samples were vortexed and subsequently ultrasonicated for 10 min in an ice-cold water bath and then centrifuged for 10 min at 2800 × g at room temperature.
The pigments were determined by high-performance liquid chromatography (HPLC) according to the method described by Barranguet et al. (1997) . The HPLC system was equipped with a photodiode-array detector (Waters 996) coupled to a Waters 717 autosampler, and was calibrated using isolated pigment standards (Barranguet et al. 1997) .
DMSP was measured indirectly as DMS, after hydrolysis of DMSP to DMS and acrylate with cold alkali (Challenger et al. 1957) . A final concentration of 2 M NaOH was used to hydrolyze the samples, which were incubated for at least 24 h prior to analysis. DMS was measured by headspace analysis with a gas chromatograph (CP 9000, Chrompack), equipped with a widebore column (Poraplot U, inner diameter 0.53 mm; 25 m; Chrompack) and a flame-ionization detector (FID). The temperatures of the detector, injector and oven were 200, 175 and 150°C, respectively. The flows of air, H 2 and the carrier gas, N 2 , were 300, 30 and 8 ml min -1 , respectively. The retention time of DMS was 2.5 min and the detection limit was less than 1 pmol when the 250 µl gas sample was injected. The detection limit of the total amount of DMS(P) was 0.5 nmol cm -3 sediment. Salinity was measured using a hand refractometer (Atago). DIN was determined with a Skalar 5100 autoanalyzer using standard colorimetric methods. (Fig. 2) and biotic ( Fig. 3) factors was observed at Stns W and O. In summer 1997, sediment temperature reached up to ~25 and ~27°C at Stns O and W, respectively, while in the winter the temperatures were ~1 and ~7°C. At Stn W salinity varied from 27 to 19 without any specific pattern while at Stn O, it varied from 38 (in summer) to 23 (in winter) ( Fig. 2A,B) . Changes in salinity did not follow those in temperature, and variations were presum-ably related to differences in freshwater discharge and tides. Pore-water NO 3 -concentrations varied throughout the year from 0 to 48 µM at Stn W and 3 to 57 µM at Stn O, and were generally lower than NH 4 + , with 17 to 258 µM at W and 37 to 260 µM at O (Fig. 2C,D) . NO 3 -concentrations were higher in autumn and winter, while NH 4 + concentrations were much higher in summer than during the rest of the year. Pore-water DIN (Fig. 2C,D) was remarkably different from that in the overlying water (Fig. 2E,F + were in the same range as in the Westerschelde (0.1 to 13.5 µM), with the highest occurring in winter. This was also the case with NO 3 -, but the concentrations (0 to 58.2 µM) were much lower than in the Westerschelde.
RESULTS
Seasonal variation in the abiotic
At both stations, diatoms were the dominant oxygenic phototrophic organisms. Stn W was muddy sediment, with a water content of 55 to 75% and a specific gravity of 1.05 to 1.35 g cm -3 wet sediment, while Stn O was composed of sandy sediment, with a water content of 19.5 to 30% and a specific gravity of 1.8 to 2.0 g cm -3 wet sediment. These differences in sediment characteristics were reflected in the diatom populations present at the stations. At Stn W, occasionally high numbers of epipelic diatoms were observed as well as typical tychoplanktonic species that live in both the benthic and the pelagic. At Stn O, small epipsammic diatoms were present, with occasionally high numbers of large epipelic diatoms. Both stations were characterized by the occurrence of many different species.
Diatoms contain the pigments chlorophyll a and fucoxanthin, which showed a concomitant seasonal variation (Fig. 3A-D) . This variation corresponded with the variation in total DMS(P) content (Fig. 3E,F) To investigate whether the observed variation in DMS(P) and pigments could be explained by the effect of the abiotic factors tested, multiple-regression analyses were performed (Tables 1 & 2) . DMS(P), chlorophyll a and fucoxanthin were all strongly dependent on salinity at Stn W (a = 0.091, 0.140 and 0.107, respectively), and on temperature at Stn O (a = 0.060, 0.059 and 0.041, respectively) ( Table 1) . A slightly negative relationship was found for DMS(P), chlorophyll a and fucoxanthin with DIN (values varying from -0.0018 to -0.0136) ( Table 1) . Temperature and salinity barely affected the pigmentspecific DMS(P) content. Chlorophyll a-specific DMS(P) (DMS(P) chl a ) was weakly negatively related to salinity (a = -0.0503), while fucoxanthinspecific DMS(P) (DMS(P) fuco ) was weakly negative related to DIN (a = -0.0174) and weakly related to temperature (a = 0.0164) ( Table 1) . Fig. 4 depicts the relation of DMS(P) with temperature, salinity and DIN. When all measurements of DMS(P) were taken into account a positive relation was obtained with temperature (Fig. 4A) and salinity (Fig. 4B) , although the latter was weaker. No relation was found with DIN ( Fig. 4C ).
Our results demonstrate that DMS(P) content correlated well with microalgal biomass, represented by chlorophyll a and fucoxanthin (Fig. 5) . The correlation was better when samples with a low (≤ 0.3) fucoxanthin to chlorophyll a ratio were excluded; 2 groups of samples were easily distinguished from the rest. Table 2 . Results of ANOVA testing overall significance of multiple regressions in Table 1 microalgae, and those from July and August 1997 at Stn O contained cyanobacteria. Green algae and cyanobacteria contain chlorophyll a, but lack fucoxanthin. This was reflected by the low fucoxanthin to chlorophyll a ratio (≤0.3) in these samples. Sediments dominated by diatoms typically possess a ratio of fucoxanthin to chlorophyll a of 0.6 to 0.8 (Lucas & Holligan 1999) . Samples taken at Stn W in September 1997 also possessed a low fucoxanthin to chlorophyll a ratio but we lack microscopic observations on the microalgal composition of this sample. Omitting the data from July and August at Stn O strongly improved the correlation between chlorophyll a and DMS(P) and decreased the slope of the regression line (Fig. 5A) . Omission of these data barely changed the correlation between fucoxanthin and DMS(P) or the slope of the regression line (Fig. 5B) . When the data from September at Stn W were omitted, the correlation between chlorophyll a and DMS(P) increased, but the slope of the regression line remained almost the same (Fig. 5C ).
The slope of the regression line clearly decreased as well as the correlation between chlorophyll a and DMS(P) when the data from August were omitted (Fig. 5C ). In contrast, the correlation between fucoxanthin and DMS(P) increased, while the slope of the regression line decreased, when the data from August were omitted (Fig. 5D) . Omission of the data from September scarcely affected the correlation between fucoxanthin and DMS(P) or the slope of the regression line (Fig. 5D ). These results suggest that the samples with a low fucoxanthin to chlorophyll a ratio can be divided into different groups. The samples from July and August 1997 at Stn O and from September 1997 at Stn W represents a group with a low DMS(P) to chlorophyll a ratio. The samples from August 1997 at Stn W represent another group with an average DMS(P) to chlorophyll a ratio (8.6 ± 1.5) comparable to the rest of the samples. The average total DMS(P) concentrations were 57.1 ± 54.8 and 49.0 ± 52.7 nmol cm -3 sediment for Stns O and W, respectively. The average chlorophyll aand fucoxanthin-specific DMS(P) concentrations were 5.8 ± 4.1 and 10.3 ± 6.3 mmol (g chlorophyll a)
-1 and 14.1 ± 8.8 and 14.9 ± 6.4 mmol (g fucoxanthin) -1 for Stns O and W, respectively.
DISCUSSION
Using pigment biomarkers, Barranguet et al. (1997) studied microphytobenthic biomass and community structure during 1 yr at a tidal flat in the Westerschelde. They observed that during spring and autumn blooms the population was dominated by diatoms, while in summer diatoms coexisted with cyanobacteria and Euglenophyceae. We observed a similar succession from diatoms in spring to diatoms and cyanobacteria in summer at Stn O and diatoms and green algae in summer at Stn W in summer. The seasonal variation in microphytobenthic community composition was also in accordance with results of the study of Watermann et al. (1999) , who found that cyanobacteria are favored by higher temperature while diatoms start to develop when the temperature is still low. Nevertheless, growth of diatoms is stimulated by increasing temperature. Chlorophyll a and fucoxanthin were positively related with temperature and salinity, confirming the findings of Santos et al. (1997) . The total DMS(P) content was similarly related to temperature and salinity and, not surprisingly, DMS(P) therefore correlated well with chlorophyll a and fucoxanthin. Hence, we conclude that diatoms comprise an important source of DMSP in these intertidal sediments.
In summer, cyanobacteria were present at Stn O. Had they produced DMSP, a higher DMS(P) to fucoxanthin ratio compared to that of sediments containing mainly diatoms would be expected, because cyanobacteria contain chlorophyll a but lack fucoxanthin. Since this was not the case and (in addition) the ratio of DMS(P) to chlorophyll a decreased, this was taken as evidence that cyanobacteria did not contribute substantially to the production of DMSP. In summer, green algae (probably Euglenophytes) were present at Stn W. These organisms also contain chlorophyll a and lack fucoxanthin. Samples from August with a low fucoxanthin to chlorophyll a ratio improved the correlation between DMS(P) and chlorophyll a, while samples from September with a similar low fucoxanthin to chlorophyll a ratio decreased this correlation. Moreover, while the August samples increased the DMS(P) to fucoxanthin ratio, the samples of September scarcely affected this ratio. This could mean that some green algae may have contributed to the production of DMSP at Stn W while others did not.
DMSP production has been shown in axenic cultures of various benthic diatoms isolated from intertidal sediments, including from the Schelde estuary (van Bergeijk & Stal 1996 , Jonkers et al. 1998 ). The conclusion that cyanobacteria are unlikely to contribute to DMSP production in intertidal sediments is supported by the fact that it has not been demonstrated in cultures. One report that DMSP was present in the mat-forming cyanobacterium Microcoleus chthonoplastes Strain 11 (Visscher & van Gemerden 1991) could not be reproduced (van Bergeijk & Stal 1996 , Jonkers et al. 1998 , Vogt et al. 1998 . However, the prasinophycean alga Tetraselmis sp. (a symbiont of the marine flatworm Convoluta roscoffensis that inhabits intertidal sediments) has been shown to contain high amounts of DMSP (van Bergeijk & Stal 2001) . Whether euglenophytes are able to produce DMSP is not known.
Analysis of the correlation of the pigment-specific content of DMSP in intertidal sediments presents an alternative approach for evaluating the contribution of different members of the microphytobenthos. Using chlorophyll a and fucoxanthin as markers for diatoms, the contribution of these organisms to the DMSP production in intertidal sediments was successfully distinguished. When more detailed pigment fingerprints are available, this method will become feasible for other groups of microphytobenthos.
The molar ratio of DMS(P):chlorophyll a varied between 5.1 ± 3.6 and 9.2 ± 5.6 at the Oosterschelde and Westerschelde stations, respectively. These ratios are considerably lower than that found in phytoplankton, which can be in the order of 30 to 40 (Keller et al. 2004 , Sunda et al. 2005 . However, it matches nicely the ratios of 4.5 to 8.7 reported by Kasamatsu et al. (2004) for isolates of psychrophilic diatoms. It also agrees with the ratio of 8.2 at a salinity of 33 reported for a culture of the benthic diatom Cylindrotheca closterium by van Bergeijk et al. (2003) . This can be taken as further evidence for the contribution of diatoms to the DMS(P) production in intertidal sediments. Contrary to expectations, we did not find correlations between the chlorophyll a-or fucoxanthinspecific DMS(P) content and temperature, salinity or DIN. DMSP is thought to serve as a cryo-or osmoprotectant (Sheets & Rhodes 1996 , Yoch 2002 , van Bergeijk et al. 2003 , Kasamatsu et al. 2004 ). This would mean that the biomass-specific DMSP content is expected to be higher with increasing salinity or with decreasing temperature. However, such effects would be obscured by the large seasonal variations in biomass and composition of the microphytobenthos (Keller et al. 2004 , Kulkarni et al. 2005 . Moreover, the variations in salinity at the sampling locations were too small to cause measurable changes in the community DMSP content, and the dynamics of DMSP content in microphytobenthos are slow (van Bergeijk et al. 2002 (van Bergeijk et al. , 2003 .
Similarly, we considered the possibility that the pigment-specific DMSP content differed at the 2 stations. Under nitrogen limitation, DMSP might replace nitrogen-containing osmolytes such as glycine betaine or proline (Gröne & Kirst 1992 , Keller et al. 1999 . However, we did not find any difference in chlorophyll aspecific DMS(P) content between the 2 stations. The concentrations of DIN in the pore water at both stations were similar and high. Therefore, we considered nitrogen limitation unlikely, at least not on the longer timescales of this study. This observation agrees also with those of Keller et al. (2004) , who concluded that responses to nitrogen supply were attributable to species composition and the physiological state of organisms present. Moreover, the average pigment and DMS(P) contents at both stations were also similar. These results agree with the assumption that in neither the Westerschelde nor Oosterschelde is microphytobenthic production limited by nutrients (de Jong & de Jonge 1995 , Kromkamp et al. 1995 , Barranguet et al. 1998 .
In summary, benthic diatoms were identified as the most important producers of DMSP in the intertidal sediments of the Schelde estuary. Cyanobacteria probably did not contribute to DMSP production, but other algae (perhaps euglenophytes) might also contribute to the DMSP content of the sediment. The fucoxanthinspecific DMSP content, presumed to originate from diatoms, seemed fairly constant, and did not vary with environmental variables such as temperature, salinity or DIN.
